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The esthetic appearance of any restoration is related closely to the color of the material. An ideal esthetic restorative material should duplicate the appearance of natural teeth. Consequently, color and material selection are critical. Initial shade matching of an uncured dental restorative material to its oral environment is a clinical task, and occasionally an acceptable match is maintained only after the restorative material is set. Ideally, the color of the esthetic dental materials should not be affected by setting; the color match must be maintained. 2, 3 However, esthetic dental materials may change color after setting. 4, 5 Dental shade guides have been used for many years to identify and communicate color shades. Using shade guides is the most common method in dentistry for shade taking, the comparison of tooth color with color samples. 6 Shade guides
A B S T R A C T
Background. The authors conducted a study to evaluate esthetic restorative materials' color differences after setting and color matching between set materials and a shade guide. Materials and Methods. The authors evaluated 13 resin-based composites, one silorane-based composite, two polyacid-modified resin composites and one conventional glass ionomer cement. They measured the color parameters of the samples, which were 8 millimeters in diameter and 1.5 mm in thickness, before and after they were set according to the Commission International de l'Eclairage (CIE) L*a*b* color scale relative to standard illumination against a white background by means of a dental colorimeter. They also compared the final colors of the restorative materials with a shade guide. often used for dental color analysis are Vita Classical (Vita, Bad Säckingen, Germany), Vita 3D-Master (Vita), Chromascop (Ivoclar Vivadent, Schaan, Liechtenstein), custom or specific chroma and value guides, 7 and Vita 3D-Master Linearguide (Vita). 8 Many restorative systems base their shades on the Vita Classical shade guide. Having shades of restorative materials that match the shade guide tabs lets clinicians adhere to a system with which they are familiar. In addition, having consistency from one system to the next allows practitioners to match a new restoration to an existing restoration using the shade recorded in the dental record. 9 In assessing color differences, generally two color systems are used: the Munsell color system and the Commission International de l'Eclairage (CIE) color system. According to the CIE L*a*b* color system, all colors in nature are obtained through the blending of three basic color coordinates. 10 The color coordinates of the CIE system are L* (lightness, ranging from black to white), a* (redness, ranging from green to red) and b* (yellowness, ranging from blue to yellow). 3 This system is used by dental researchers to examine materials with regard to their color. 11, 12 We conducted a study to evaluate the possible color differences between unset restorative materials and set materials and between set materials and the shade guide.
MATERIALS AND METHODS
We evaluated 17 esthetic restorative materials: two compomers, one conventional glass ionomer cement, 13 resin-based composites and one silorane-based composite. Use of the siloranebased composite has two key advantages: a low level of shrinking during polymerization owing to its ring-opening oxirane monomer and increased hydrophobicity owing to the presence of the siloxane compound. 13 Although studies on silorane's mechanical properties have been conducted, there is a dearth of research about silorane's color change in the literature. We chose the A3 shade for each restorative system. Table  1 provides detailed information about the restorative systems we used.
We conducted the study in two stages: color change of restorative materials after setting and color differences between the materials' final colors and the shade guide. This is the first time, to our knowledge, that a comparison has been made of silorane's color after polymerization and its final color has been compared with the shade guide.
We packed restorative material samples into a polytetrafluoroethylene (Teflon, DuPont, Wilmington, Del.) mold (8 millimeters in diameter and 1.5 mm in thickness) on a polyethylene terephthalate strip. After filling the mold, we laid another polyethylene terephthalate strip on top of the sample's surface. In the first instance, we measured the color parameters of the unset samples according to the CIE L*a*b* color scale relative to D 65 standard illumination (the standardized CIE illuminant that approximates natural, outside daylight) against a standard white background (L* = 92.4, a* = 0.5, b* = −1.3) by means of a dental colorimeter (ShadeEye NCC, Shofu, Kyoto, Japan) connected to a personal computer. Before we obtained each measurement, we calibrated the colorimeter with the calibration cap supplied by the manufacturer. We placed the tip of the colorimeter (the tip was 3 mm in diameter; the sensor was 2 mm in diameter) perpendicular to the surfaces of the samples. After we obtained the first measurement, we light cured the resin samples with a curing light (Elipar FreeLight 2 LED Curing Light, 3M ESPE, St. Paul, Minn.) according to the manufacturer's directions. We checked the output of the curing light with a radiometer (Hilux UltraPlus Curing Units, Benliog lu Dental, Istanbul). We prepared the conventional glass ionomer cement with a capsule mixer (RotoMix, 3M ESPE) in accordance with the manufacturer's recommendations. We obtained the first color measurement after we placed the glass ionomer cement into polytetrafluoroethylene molds. After the material was set, we obtained another color measurement. We used five samples for each restorative material, and we repeated all of the color measurement procedures three times.
We then calculated color differences between each restorative material and the Vita Classical shade guide tab A3. To achieve standardization, we polished the shade guide tab before obtaining the measurement, and we performed the measurement procedure on a white background with a polyethylene terephthalate strip on the labial surface. To standardize the sample thickness and Vita shade guide tab thickness, we selected the point at which the thickness of the shade guide tab was 1.5 mm by using a digital slide caliper (model 23499, Tchibo, Hamburg, Germany), and we obtained color measurements from this specified area.
We calculated color differences (∆E ab *) as fol-
, where ∆L* stands for difference between lightness values, ∆a* stands for difference between redness values and ∆b* stands for difference between yellowness values. We calculated chroma as follows: ∆C ab * = (∆a* 2 + ∆b*
, where ∆C ab * stands for changes in chromatic coordinates in the CIE L*a*b* color system. We considered a value of ∆E ab * of 3.7 to be clinically acceptable.
We analyzed the ∆E ab * values for each restorative material. To compare the differences obtaining the measurement, and we performed the measurement procedure on a white background with a polyethylene terephthalate strip on the labial surface. To standardize the sample thickness and Vita shade guide tab thickness, we selected the point at which the thickness of the shade guide tab was 1.5 mm by using a digital slide caliper (model 23499, Tchibo, Hamburg, Germany), and we obtained color measurements from this specified area. We calculated color differences (∆E ab *) as fol- , where ∆C ab * stands for changes in chromatic coordinates in the CIE L*a*b* color system. We considered a value of ∆E ab * of 3.7 to be clinically acceptable.
We analyzed the ∆E ab * values for each restorative material. To compare the differences among the unset and set materials and the set materials and Vita A3 shade, we performed analysis of variance and Duncan post hoc tests (P < .05) by using a software package (SPSS 16 for Windows, SPSS, Chicago). We determined the influence of differences in color parameters by means of a multiple regression analysis; we set ∆E ab * as a dependent variable and ∆L* and ∆C ab * as independent variables (P < .05).
RESULTS
The color differences of restorative materials after they have set are presented in Figure 1 and Figure 2 (page 663), Figure 3 (page 663) and Figure 4 
TABLE 2
The color difference of the restorative system materials after setting and compared with the shade guide. , where ∆C ab * stands for changes in chromatic coordinates in the CIE L*a*b* color system. We considered a value of ∆E ab * of 3.7 to be clinically acceptable.
We analyzed the ∆E ab * values for each restorative material. To compare the differences 
DISCUSSION
We measured the color change of esthetic restorative materials after they set by means of a dental colorimeter under D 65 standard illumination against a standard white background. The description of color differences by the terms "match" (pass) or "mismatch" (fail) usually is subjective and generally is based on conventionally accepted ∆E ab * values. The terms "clinically acceptable" and "perceptible color match" commonly are used in color studies, and we used them to describe color match. Practically, a minimum difference is necessary to discern two different items such a tooth and a restoration. The minimum color differences detected by the human eye range from a ∆E ab * value of 0.3 to 0.5. However, acceptable thresholds are much higher (∆E ab * values of 1.1 to 2.1), which is an advantage for the clinician. 7 A perceptible color change also could be acceptable.
The reported thresholds for ∆E ab * values being visible to the human eye vary widely in the literature and are dependent on the individual observer.
14 It should be emphasized that all of the mentioned threshold differences are dependent on visual conditions (illuminant, object, viewing distance, optical geometry) and observer variables. 15 The authors of previous studies have reported that the clinically acceptable threshold ∆E ab * values were 2.6, 16 3.3 5 and 3.7. 15 Other researchers used different ∆E ab * values as clinically acceptable limits in their studies. 4, 16, 17 The U.S. Public Table 1 . 
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We calculated color diffe Color changes in the resinbased restorative materials after polymerization mainly are caused by a decrease in lightness and chroma. 4 In our study, the L* values changed after setting, and the change was in the range of −9.77 to −0.30 (Figure 2 ). The setting reaction caused a decrease of the L* values for all of the restorative materials. Resin materials that can be polymerized tended to have greater diffuse reflec tance during polymerization. This alteration reflects the increase in the refractive index of the resin phase associated with monomer's conversion into polymer in monomer mixtures, while the refractive index of the filler remained unchanged. 5 Refractive index is a measure of the reduction in the velocity of light in a medium. In our study, diffuse reflectance was correlated with changes in value of L*. Similar to the L* value of resinbased restorative materials, the L* value of glass ionomer Fuji IX also decreased after setting.
We calculated the 
